• Moderate and distributed practice in skilled reaching promotes neural plasticity.
Introduction
Zinc (Zn) is implicated in regulating neuroplasticity. Zn modulates brain functions, and brain activity modulates Zn level in results are not consistent. Whereas administration of Zn chelators affected acquisition and consolidation of hippocampal-and amygdala-dependent memory formation [11, 17, 27, 33, 37, 46, 54] , intact spatial learning, memory, and sensorimotor functions have also been reported in mice with depleted vesicular Zn [6] .
There is controversy about methodologies used to detect the Zn involved in brain plasticity. Zn can be visualized using various staining techniques. Histochemical [7] and immunofluorescent staining methods [34, 39, 44] visualize primarily labile Zn. However, these methods also stain other divalent metal cations, including Ca +2 [10, 38, 47] , which can overestimate the role of Zn in brain plasticity. A second disadvantage is that the perfusion of a rat as used for most Zn staining procedures can generate artifacts by re-distributing Zn within the tissue [20] . An alternative approach, X-ray fluorescence imaging at the micron level (micro XFI) using a synchrotron generated X-ray source, can provide Zn-specific maps [1, 21] . However, since this technique visualizes all zinc, including labile Zn (vesicular and transmembrane intracellular) and Zn bound to proteins participating in chemical catalysis and maintaining protein structure and stability [14, 17] , this lack of specificity may limit its utility for detecting changes in brain plasticity.
Methodology employing micro XFI has been recently implemented to understand the pathophysiological mechanisms of stroke [3, 45, 51, 55] and the efficiency of various therapeutic interventions that target post-stroke neuroprotection and neuroplasticity, such as hypothermia and physical rehabilitation [3, 45] . Although Zn detected by micro XFI has been employed as a plasticity marker after stroke [3, 45] , it is uncertain if this technique can resolve those Zn alterations due to neuroplasticity. Thus, in the present study, we explored if learningassociated upregulation of c-Fos would be accompanied by changes in Zn concentration measured by two complementary techniques. The N-(6-methoxy-8-quinolyl)-para-toluenesulfonamide (TSQ) histofluorescence method was used to label vesicular Zn, and synchrotron-based micro XFI was employed to detect all forms of Zn. Proficiency in a skilled reach-to-eat task was employed as the behavioral measure of neuroplasticity. This behavioral paradigm has been widely used to evaluate neuroplasticity both before and after stroke [2, 53] . Skilled reaching, the conventional term for the reach-to-eat act, is a form of prehension in which a forelimb is used to reach and grasp a food item and place it into the mouth for eating. Corticospinal pathways in the rat consist of a large crossed pathway, and therefore motor cortex contralateral to the forelimb used for the reach-to-eat act controls and undergoes major plastic changes when a rat is trained for skilled reaching. The structural changes of brain plasticity in neural populations underlying skilled motor action might have a different temporal profile both in magnitude and direction [22, 24, 28, 35, 36] when a skill becomes more automated and efficient. Since skilled motor learning advances through early and late stages of motor learning, a skilled reach-to-eat task is an ideal behavioral paradigm to study neural changes accompanying tuning of neural activity in a particular neural (e.g. Zn rich glutamatergic) population. Therefore, the changes in total and vesicular Zn, and c-Fos were analyzed during the early and late stages of learning of the skilled reaching action. Brain correlates of skilled reaching were studied 15 min after the last training session, since c-Fos protein can be detected within 15-30 min of stimulus application [31] .
Experimental procedures

Subjects
Male, Sprague-Dawley (SD) (n = 6) and Long-Evans (LE) rats (n = 10) of comparable age (90-100 days old) were obtained from Charles River (QC, Canada). Rats were housed in Plexiglas cages (36 cm × 20 cm × 21 cm) with absorbent bedding (hardwood and softwood shavings), in groups of two or three in a colony room maintained on a 12 h light/12 h dark cycle (07:00-19:00) with controlled temperature and humidity. This work was approved by the University of Saskatchewan's Animal Research Ethics Board, and adhered to the Canadian Council on Animal Care guidelines for humane animal use.
Experimental design
Two groups of rats were trained for a skilled reach-to-eat movement [2] . The 20-trial session per day training in a single pellet reaching task (Fig. 1 ) was for either nine days (early learning stage group; n = 6) or sixteen days (late learning stage group; n = 6). Each of these groups was comprised of 3 LE and 3 SD rats. Each rat was trained to reach with its dominant paw [2] through a narrow slit for a single banana-flavoured sugar pellet (Bio-Serv #F05986) positioned on a shelf outside the reaching box. To be successful, the rat must grasp the food pellet within its paw and bring it to its mouth for eating. The reaching behavior was quantified as the percent of total trials (20 trials) on which a food pellet was successfully obtained. A third group, serving as the control group, was comprised of LE rats (n = 4) exposed for nine days to the same experimental room and the same banana-flavoured sugar pellets; for the latter, control rats were provided the amount of the pellets, that the other rats were successful at eating during training or testing session in the home cages for ∼10-15 min on each day. Only four animals were assigned to the control group, because the rats in this group were not subjected to any behavioral manipulation and we expected less variability in measures of brain plasticity. Rats were killed humanely 15 min after the last training session.
Learning-associated neural changes were measured at early and late stages of motor learning. The early stage of learning was defined as the period when success level to retrieve a single pellet was at least 50% for 3 consecutive days of training. The late stage of learning was considered to be the period when the success level was at least 50% for 5-6 days during the second and third week of training.
Learning-associated neural changes were measured only in the caudal area of the forelimb motor cortex, since intensive and massed practice for a skilled reaching action does not induce any significant upregulation of Arc (learning associated immediate early gene) in the trained (vs. nontrained) hemisphere in the rostral area of the forelimb motor cortex [24] . Both layers II/III and V were evaluated for changes in c-Fos and Zn level in the current study because these cortical layers undergo neuroplastic changes as a result of motor skill learning [22, 24, 28] .
Brain harvesting and sectioning
Animals were anesthetized with 4% isoflurane (1 L/min O 2 ), and humanely sacrificed through decapitation, with the head immediately flash frozen in liquid nitrogen and stored at −80 • C. The frozen brains were subsequently chiseled out from the frozen heads on dry ice and stored at −80 • C until sectioning [1, 21] . Brain tissue was sectioned at a thickness of 30 m on a cryomicrotome at −16 to −18 • C. These steps in processing of the brain tissue are essential for accurate quantification and localization of Zn. These processing steps preserve in situ intracellular Zn distribution and consequently prevent chemical artefacts associated with the Zn diffusion commonly observed when rats are perfused with saline and subsequently fixed with paraformaldehyde solution [21] . Total Zn and c-Fos level were analyzed in all experimental animals. We found sectioning/staining artifact in Zn histofluorescence images in one rat from each of the early and late stage learning groups, and therefore only data from five rats/group were subjected to statistical analysis.
A series of adjacent coronal brain sections were collected from the forelimb and hindlimb regions of the motor cortex at ∼0.7 mm anterior to bregma [41] for histochemical, immunohistochemical and XFI analysis. Anatomical references [41] were used to identify the targeted sections. Two of these sections melted onto a sulfurand metal-free Thermanox plastic coverslip (Thermo Scientific) were subjected to XFI for Zn mapping; subsequent to this, the section was stained with cresyl violet (Nissl substance). The other six sections (at ∼0.7 mm anterior to bregma) mounted onto Superfrost slides (VWR) were analyzed for c-Fos immunohistochemistry, cresyl violet staining, and Zn by histofluorescence. The sections for XFI were air dried and stored in a desiccator in the dark at room temperature prior to analyses; Zn maps were collected within 7 to 10 days of tissue sectioning. The sections for c-Fos immunohistochemistry and Zn histofluorescence were kept at −80 • C until staining.
c-Fos imaging
Immunohistochemistry
Brain sections were pretreated with 4% paraformaldehyde (PFA) for 5 min and washed three times in 0.01 M phosphate buffered saline (PBS) (pH 7.4). The sections were incubated in 5% Normal Goat Serum (NGS) blocking solution (Sigma, cat# G9023) in 0.01 M PBS at room temperature for 1 h in a Shandon Sequenza immunostaining system. The sections were then incubated with Rabbit polyclonal anti-c-Fos primary antibody (1:1000) (Calbiochem, Cat# PC38) in 0.1% Triton X-100/blocking solution at 4 • C for ∼18 h. The sections were rinsed six times in 0.01 M PBS for 5 min each and then immunostained with the goat anti-rabbit secondary antibody tagged with AlexaFluor 594 (1:1000) (Molecular Probes, Invitrogen, cat#A11012) at room temperature for 2 h. The slides were rinsed six times, 10 min each, in 0.01 M PBS. The sections were coversliped with Prolonged Gold Antifade reagent with DAPI (Invitrogen cat#P36931). To control for variability associated with the immunohistochemical procedures, sections from each experimental group were processed at the same time. As a negative control, the sections (from the caudal area of forelimb motor cortex) from the control and skilled reaching groups were also processed without exposure to the primary antibody; these brain sections showed no labelling.
Image acquisition
The images were acquired using the 20× objective of a BX40 system Olympus microscope and an Evolution VF Monochrome (Media Cybernetics; www.mediacy.com) digital camera using Scope Pro Plus 7 software.
Semiquantitative analysis of c-Fos-immunopositive cells
The c-Fos-immunopositive (c-Fos-ip) cells were counted as the sum from five randomly selected sampling sites of area 322 m × 240 m each in layers II/III and layer V in the primary motor cortex within each hemisphere. The c-Fos-ip cells were manually counted from digitized images viewed on a computer monitor with the aid of a computerized image analysis program (NIH Image J v1.62). c-Fos-ip cells were identified by the presence of a red immunoprecipitate on the blue-stained cell nucleus. The immunolabeling ranged from completely red nuclei to nuclei with a speckled appearance. The total number of neurons in each sampling site was determined by counting cells stained with DAPI. The immunoreactivity for c-Fos was quantified as the number of cFos-ip neurons/total number of brain cells. The brain regions were identified by cortical cytoarchitecture [56] . Semi-quantitative analysis of c-Fos-ip was conducted by a reviewer blinded to the origin of the sample (behavioral state and trained hemisphere).
For the two trained groups, plasticity-associated changes in c-Fos expression in the trained hemisphere were expressed as relative changes with respect to the untrained hemisphere ( c-Fos-ip). The latter was calculated as: (number of c-Fos-ip neurons in trained hemisphere/number of total cells in trained hemisphere)/(number of c-Fos-ip neurons in untrained hemisphere/number of total cells in untrained hemisphere) × 100%. To calculate c-Fos-ip in the control group, one of the hemispheres was randomly assigned as a pseudo-trained or pseudo-dominant hemisphere. This allowed calculation of c-Fos-ip for this hemisphere relative to the pseudountrained hemisphere, for comparison against the two trained groups.
2.5. Zinc imaging 2.5.1. X-ray fluorescence method 2.5.1.1. Image acquisition. Zn maps of the motor cortex were collected using micro XFI as previously described [1] at the Stanford Synchrotron Radiation Lightsource (SSRL) experimental station 10-2 (http://www-ssrl.slac.stanford.edu/beamlines/bl10-2/). The energy of the incident X-ray beam was 13 keV. Incident X-ray intensity was measured using a nitrogen gas-filled ion chamber. A monocapillary optic (XOS, East Greenbush, N.Y., USA) was used to generate a microfocused incident beam of approximately 25 m at the sample when positioned 1 mm away from the optic. The sample was mounted at 45 • to the incident beam and rastered through the beam, with a beam exposure time of 100 ms per 20 m step. A 4-element Vortex ® silicon drift detector at 90 • to the incident beam collected the X-ray fluorescence spectra from the brain tissue. The detector readout was synchronised to the stage movement speed, and data was collected continuously, such that the full emission spectrum was collected every 100 ms, for an average stage movement of 20 m.
2.5.1.2. Quantitative analysis of Zn. X-ray fluorescence imaging data were viewed and analysed using Sam's Microanalysis Toolkit (http://www.sams-xrays.com/#!smak/n44a50) Zn maps were converted from fluorescence intensity to Zn "concentration" (g/cm 2 ), using a Zn reference standard, as previously described [1] . Briefly, emission spectra were also collected from a thin film of ZnTe, with a concentration of 45.8 g/cm 2 , on 6 m of mylar foil (Micromatter, Vancouver). Overlay of Zn images with histological images allowed the cortical layers (the dorsal border of layers I-III and V-VI) to be defined according to cell somata distribution identified by Nissl staining. Regions of interest (ROI) were outlined in layer II/III, layer V, and corpus callosum, and the average amount of Zn within each region was calculated. The Zn concentration of the Thermanox plastic coverslip was also measured, and this background signal was subtracted from the average Zn amount of the brain sample. Zn concentration in each cortical layer was then normalized to the Zn concentration of the corpus callosum from the same section, by expressing the results as a ratio. Normalizing the average Zn amount of each cortical layer reduces data variability caused by any variation in tissue thickness [1] or subtle changes in experimental (i.e. beam) setups at the experimental stations The corpus callosum was used because it contains no glutamergic neurons of high Zn concentration [7] and has a uniform composition such that the main fluctuation in Zn level observed between tissue sections would be expected to come from variation in tissue thickness.
For the two trained groups, plasticity-associated changes in the Zn level of the trained hemisphere were expressed as relative changes ( Zn) with respect to the untrained hemisphere (%). As described above, Zn in the control group was calculated by randomly assigning one of the hemispheres as a pseudo-trained hemisphere.
Histofluorescence method
Vesicular zinc was detected using the N-(6-methoxy-8-quinolyl)-para-toluenesulfonamide (TSQ) method [15] . Sections were immersed in an aqueous solution of TSQ (4.5 mmol/L) for 60 s, then rinsed for 60 s in 0.9% saline and left to dry. Dried sections were viewed without coverslips.
The aqueous TSQ solution was prepared by dissolving 1.9 g of sodium acetate and 2.9 g of sodium barbital in 100 mL of deionized water, and then adding 0.1 mL of a 1.5% solution (w/v) of TSQ dissolved in hot ethanol [15] . Specifically: (i) 1.9 g of sodium acetate (Sigma Aldrich, Cat# S2889) was dissolved in 41.31 mL of deionized water; (ii) 1 vial of Barbital Buffer (Sigma-Aldrich, Cat#B5934) was reconstituted in 250 mL of deionized water, and 58.69 mL of reconstituted buffer (i.e. 2.9 g of sodium barbital) was added to the sodium acetate solution; (iii) 0.1 mL of a 1.5% solution (w/v) of TSQ (Invitrogen by ThermoFisher Scientific, Cat# M688) was added to the sodium acetate/sodium barbital solution. The solution was made fresh immediately before use and adjusted to pH 10.0.
As a negative control, some of the sections from the control and skilled reaching groups were also processed in sodium acetate/sodium barbital solution without TSQ. The brain sections treated without TSQ yield low fluorescence (∼4% of Zn fluorescence observed in experimental samples), and no difference was found between hemispheres. In addition, some of the brain sections containing a hippocampal region, which is rich in histochemically reactive Zn in axon boutons [15] , served as positive controls to validate both the staining in our brain samples and efficacy of the TSQ assay.
2.5.2.1. Image acquisition. The TSQ-zinc binding was viewed and the images were acquired using the 10× objective of a BX40 system Olympus microscope and photographed using a fluorescence microscope with 360 nm of ultraviolet light and a 500-nm longpass filter [48] . The grey scaled images were acquired by Evolution VF Monochrome (Media Cybernetics; www.mediacy.com) digital camera using Scope Pro Plus 7 software.
2.5.2.2.
Semi-quantitative analysis of Zn. The Zn signal was measured from digitized images viewed on a computer monitor with the aid of a computerized image analysis program (NIH Image J v1.62). Zn fluorescence intensity within cortical regions was measured as the sum of intensity from two randomly selected sampling sites of area 650 m × 485 m each in layers II/III and layer V in the primary motor cortex within each hemisphere. Fluorescence intensity was also measured in corpus callosum, and Zn concentration in each cortical layer was then normalized to the Zn concentration of the corpus callosum from the same section, by expressing the results as a ratio. Since there was no difference in fluorescence signal between hemispheres in the control group, experimental samples were not normalized relative to background Zn level.
Cresyl violet staining
Sections were fixed prior to cresyl violet staining using a 4% paraformaldehyde vapor fixation method. Thereafter, the slides were cooled and stained for Nissl substance [1] .
Statistical analysis
Statistical analysis was performed using SPSS 13. Since upregulation of c-Fos expression was considered a positive control for a plasticity-associated change, c-Fos-ip data analyses preceded the analyses of the behavioral and Zn data. The Shapiro-Wilk test was used to assess the normality of the c-Fos-ip data. A two-tailed Student's t-test [52] was used to determine if there was any difference in c-Fos-ip expression in the primary motor cortex between LE and SD rats both at early and late learning stages. Since there were no differences, the data from the two strains were pooled.
Repeated Measures Analysis of Variance (RANOVA), with Days as the within-subjects variable, was used to assess the effect of training on acquisition of the motor skill in the single pellet reaching task. When the assumption of sphericity was violated, the degrees of freedom were corrected using the Greenhouse-Geisser estimate of sphericity. Post hoc pairwise comparisons with the Bonferroni correction were used to evaluate the difference in success level among the training days.
c-Fos-ip and Zn in the two groups with early and late stages of motor learning were each compared to the control group using the independent t-test. Levene's test for equality of variance was conducted, and if violated, the Welch's t-test replaced the Student's t-test. In addition, c-Fos-ip and Zn for the early and late learning stage groups were also evaluated using the One sample t-test. Since we did not expect a hemisphere-specific effect in c-Fos-ip or Zn regardless of whether the control rats were exposed to the environment for 9 or 16 days, our experimental design included only one control group (exposed for 9 days). Nonetheless, the One sample ttest was employed as a second analytical approach to overcome this limitation in study design. With this test, c-Fos-ip and Zn were compared to a preset test value of 100% (i.e. no difference in trained vs. untrained hemisphere). A critical value of 2.015 was obtained for a t-distribution (one-tailed) with 5 • of freedom (early and late learning stage groups) and a 95% confidence interval [12] . Therefore, t-values higher than 2.015 indicated a statistically significant change in c-Fos-ip or Zn in the two groups of rats exposed to the skilled reach training. A critical value for the t-distribution for vesicular Zn of 2.13 was used, since the sample size for this endpoint was only n = 5. The effect size (r) was reported for statistically significant changes.
For all analyses, P < 0.05 was considered statistically significant. All values are expressed as means ± SEMs. 
Results
Effect of rat strain on c-Fos
No rat strain-specific effect for c-Fos-ip was observed either at the early (LE: 210 ± 84% and SD: 221 ± 59%; (t Student s (4) = −0.11, P > 0.05) or the late stages of learning (LE: 152 ± 26% and SD: 160 ± 43%); t Student s (4) = −0.15, P > 0.05) in layer V of the motor cortex. Therefore, the rats from both strains were pooled into one group for further analysis.
Success in a single pellet reaching task
The rats' performance, in a single pellet reaching task, gradually improved with training (the early-stage of learning: (F(2.4, 11.8) = 5.86; P < 0.01; r = 0.8); the late-stage of learning: (F(11, 55) = 6.39; P < 0.001; r = 0.65) (Fig. 2) . During the first three days of training, the rats mostly explored the reaching cages, used their tongues to get the food pellet(s) placed on the shelf of the reaching cage, or used a paw for reaching for multiple pellets placed directly and adjacent to the slot. The rats started to reach through a narrow slit for a single food pellet on Day 4 of training (i.e. baseline). The success scores reached a statistically significant difference compared to the baseline on Day 7 and thereafter (P < 0.05) in both experimental groups.
c-Fos expression
Early stage of motor learning
The c-Fos-ip cells were observed in layers II/III and V of the motor cortex contralateral to the forelimb trained for 9 days in a skilled reaching action (Fig. 3A) . Student's t-test yielded higher c-Fos-ip in layer V of the motor cortex in the rats exposed to the skilled reaching task compared to the control rats (t Welch s (5.53) = 2.51; P < 0.05; r = 0.72) (Fig. 4A) . There was no difference in c-Fos-ip in layer II/III between the rats with (124 ± 27%) and without training experience (103 ± 4%) (t Welch s (4.17) = 0.75); P > 0.05).
The One sample t-test confirmed that c-Fos-ip was significantly higher in layer V of the motor cortex (t 1-Samp. (5) = 2.53; P < 0.05; r = 0.75) but not layer II/III (layer II/III -t 1-Samp. (5) = 2.13; P > 0.05) in the rats subjected to skilled reaching training compared to the preset test value.
Late stage of motor learning
Student's t-test yielded a trend for higher c-Fos-ip in layer V of the motor cortex in the rats subjected to skilled reaching training for 16 days compared to the control rats with no history of training (t Student s (8) = 2.18; P = 0.061; r = 0.61) (Fig. 4A) . No difference was observed in layer II/III for c-Fos-ip between the rats with (347 ± 137%) and without (103 ± 4%) training experience (t Welch s (5.1) = 1.42; P > 0.05).
The One sample t-test revealed a significantly higher c-Fos-ip in layer V (t 1-Samp. (5) = 2.52, P < 0.05; r = 0.75) of the motor cortex in the rats subjected to the skilled reaching training compared to the preset test value. c-Fos-ip in layer II/III (t 1-Samp. (5) = 1.81, P > 0.05) was also not significantly different from the preset test value.
Total Zn level by micro XFI
Early stage of motor learning
Fig . 3D shows the distribution of total Zn in the motor cortices of a representative rat trained in a single pellet reaching task. Student's t-test did not show any difference for total Zn in layer V (t Student s (8) = 0.14; P > 0.05) (Fig. 3) or layer II/III (101 ± 6%) (t Welch s (5.2) = 0.41; P > 0.05) of the motor cortex in the rats subjected to skilled motor training compared to the control group (98 ± 6%).
The One sample t-test also did not reveal any difference in total Zn in layers V (t 1-Samp. (5) = 0.63, P > 0.05) or II/III (t 1-Samp. (5) = −0.95, P > 0.05) of the motor cortex in the rats with a training history compared to the preset value for the One sample t-test. 
Late stage of motor learning
There was no difference for total Zn in layer V between the rats with and without a training history (t Student s (8) = −0.65; P > 0.05) (Fig. 4B) . Zn was also comparable in layer II/III between the rats with a high proficiency in skilled reaching (97 ± 3%) and control rats (t Welch s (5.1) = −0.19; P > 0.05).
The One sample t-test did not reveal any difference in total Zn in layers V (t 1-Samp. (5) = −0.46, P > 0.05) or II/III (t 1-Samp. (5) = −1.23, P > 0.05) of the motor cortex in the rats subjected to skilled reaching training compared to the preset value.
Vesicular Zn level by histofluorescence method
Early stage of motor learning
There was no difference in vesicular Zn in layer V between the rats with and without a training history (t Student s (7) = 0.35; P > 0.05) (Fig. 4B) . Zn was also comparable in layer II/III between the rats with a high proficiency in skilled reaching (96± 19%) and control (102 ± 11%) rats (t Student s (7) = −0.24; P > 0.05).
The One sample t-test did not reveal any difference in vesicular Zn in layers V (t 1-Samp. (4) = 0.42, P > 0.05) or II/III (t 1-Samp. (4) = 0.83, P > 0.05) of the motor cortex in the rats subjected to skilled reaching training compared to the preset value.
Late stage of motor learning
There was a significant difference for vesicular Zn in layer V between the rats with and without a training history (t Student s (7) = 2.48; P < 0.05; r = 0.68) (Figs. 3 B and 4 B) . However, no difference was observed in layer II/III (111 ± 10%) (t Student s (6) = 0.67; P > 0.05) of the motor cortex in the rats subjected to skilled motor training compared to the control group (102 ± 11%).
The One sample t-test also revealed a significant difference in vesicular Zn in layers V (t 1-Samp. (4) = 4.26, P < 0.05; r = 0.91). No difference was found in layer II/III (t 1-Samp. (3) = 0.37; P > 0.05) of the motor cortex in the rats with a training history compared to the preset value for the One sample t-test.
Discussion
Whereas XFI of various trace elements in brain tissue has proven to be a sensitive imaging tool to study the mechanisms of brain injury after stroke, XFI has not yet been validated for elucidating the mechanisms of neuroplasticity associated with spontaneous or therapy-assisted recovery of function following stroke. Since Zn is implicated in neuroplasticity, the present study investigated if cortical Zn level measured by XFI can be used as a surrogate marker of neuroplasticity in the rat. The single pellet reaching task was chosen as a functional measure of neuroplasticity because learning associated changes have been reported in the motor cortex contralateral to the trained forelimb. Training a rat in a single pellet reaching task increases dendritic branching [19] , strength of horizontal connections [42] , evoked potential amplitudes [36] , and expansion of dendritic spines [23] , and causes upregulation of protein synthesis of plasticity-and activity-associated immediate early genes in sensory and motor cortices [22, 24] . However, some of these changes may be transient [28, 35, 36] and specific to only the early stage of motor learning. Dynamic changes in neural activity as skilled reaching becomes more automated might implicate refinning of neural activity in a particular neural (e.g. Zn rich glutamatergic) population. Since the motor skill in a single pellet reaching task advances through early and late stages of motor learning [22, 24, 28, 35, 36] , we studied changes in Zn and c-fos level after moderate (the early learning stage) and extensive (the late learning stage) training for skilled reaching. To ensure that the training protocol produced plasticity associated changes, the immediate early gene c-Fos was chosen as an established indirect measure of brain plasticity [13, 26, 30] . Upregulation of c-Fos in the primary motor cortex has been previously linked to learning of motor tasks [24, 28] .
Total Zn imaging by micro XFI as a measure of neural plasticity
Zn maps acquired by micro XFI (with 20 × 20 × 30 m 3 resolution) as used in previous studies to study neuroplasticity following brain ischemia [3, 45] failed to detect neuronal changes in rat motor cortex that accompany learning-associated behavioral changes. The improved proficiency demonstrated by an increasing number of successful reaches in the reaching task was not accompanied by a detectable asymmetry in total Zn concentration, quantified by XFI, within the motor cortex in the hemisphere contralateral (vs. ipsilateral) to the trained forelimb. In contrast, increases in the number of c-Fos-ip neurons and vesicular Zn level in the motor cortex contralateral to the trained forelimb paralleled this enhanced proficiency for skilled reaching. The elevated number of c-Fos-ip neurons concomitant with skilled motor learning is in agreement with previous findings [22, 24, 28] , whereas the unaltered total Zn level measured with XFI differs from the findings of the present and previous studies on altered labile Zn in response to brain activity [4, 5, 9, 37] .
Several reasons may account for the insensitivity of the XFIgenerated Zn map to reveal plasticity-associated changes in the brain: (i) XFI visualizes total Zn, that includes both labile Zn (intracellular vesicular and transmembrane Zn) and the Zn bound to proteins that is participating in chemical catalysis and maintaining protein structure and stability [14] . In contrast, only labile, vesicular Zn is visualized by histochemical, histofluorescent [7, 15] and immunofluorescent staining methods [34, 39, 44] . Since the labile Zn pool comprises only ∼5% [16] to ∼20% of total Zn [7] , plasticity associated changes in Zn concentration may be below the detection limits of XFI due to the relatively small change relative to the total Zn level. In our study, the increase in vesicular zinc with late stage motor learning was ∼18%. Nevertheless, it is noteworthy that a Zn map generated by XFI was sufficiently sensitive to reveal the previously debated anatomical feature of a cortical layer IV in the motor cortex of the rat; XFI was able to distinguish a "Zn valley" having ∼20% less Zn than the adjacent cortical layers II/III and V [1] . (ii) Labile Zn levels in a synaptic cleft are elevated in the nanomolar range in response to closely spaced repetitive neuronal activity [49] . Since skilled reaching is also accompanied by closely spaced repetitive neuronal activity [42] similar to that reported by Vergnano et al. [49] we predicted fluctuations in Zn level due to the skilled reaching action. However, this plasticity-associated change in synaptic Zn is likely below the detection limit of XFI. (iii) Elevated Zn level within the synaptic cleft can be rapid (<30-40 ms) [49] and transient [8, 25, 49] in order to protect the brain from Zninduced excitotoxicity [5] . Therefore XFI may not be able to detect plasticity-associated changes in labile Zn associated with fluctuations of synaptic Zn level, since it is impossible to collect brains within the given time frame of "miniature synapatic changes".
Thus, important methodological evidence has been provided that the Zn level measured by micro XFI should not be considered a surrogate marker of neuroplasticity in response to the training protocol used in our study. Whether Zn maps measured by micro XFI can be useful to visualize plasticity-associated changes in brain regions involved in sensory-motor or cognitive functions with more intensive training protocols or in response to chronic sensory stimulation and deprivation needs further investigation. Nanoscopic XFI [32] which can be used to image single cells, may be able to detect subtle physiological changes occuring in response to the acquisition of skilled motor actions. Furthermore, a multimodal imaging approach utilizing both XFI and immunohistochemical techniques should be used to distinguish changes in Zn level caused by brain injury from those due to plasticity.
Brain plasticity at different phases of motor learning
At the late stage of motor learning, a ∼1.2 fold increment in vesicular Zn level occurred in parallel with a ∼1.6 fold increase of c-Fos-ip neurons in the motor cortex contralateral to the trained forelimb. In contrast, at the early stage of learning, the vesicular Zn level was comparable between hemispheres despite a ∼2.2 fold increase in c-Fos-ip neurons in the motor cortex contralateral to the trained forelimb. It is remarkable that vesicular Zn in the trained versus untrained hemisphere increased in the late stage of motor learning. Moreover, this increase was concurrent with a decrease in the number of c-fos-ip neurons compared to that observed at the early stage of motor learning.
Our findings on the timeline of the changes in vesicular Zn level in response to skilled motor learning provide a new insight on plasticity-associated changes in the motor cortex at the late stage of skilled motor learning, although the dynamic of c-fos expression is in agreement with previous findings on structural and functional changes within the motor cortex following skilled motor learning during both the early, acquisition phase [22, 24, 28, 35, 36] and the late, maintenance phase [28, 36] . A transient expansion of the forelimb representation in the motor cortex (i.e. motor map) [35] specific to the early, acquisition phase of motor learning was previously reported, but it is not clear how neuronal networks change in response to the experience and support the acquired skill. The findings of the present study suggest that as the motor skill advances, there might be a qualitatively different neural population, with fewer active but more efficiently connected neurons, compared to the early stage of the motor learning. The findings also support the idea that glutamatergic and Zn rich neurons i.e. gluzinergic neurons [16] contribute to maintenance of the learned motor skill. This hypothesized pattern of redistribution and/or reorganization of neural activity during different phases of skilled motor learning requires further investigation. The role of vesicular Zn in pre-synaptic plasticity [40] in motor cortex during the late phase of motor learning should be addressed in future studies.
Layer-specific brain plasticity of skilled motor learning
Training in the skilled reach-to-eat task resulted in a cortical layer-dependent upregulation of c-Fos and vesicular Zn. The number of c-Fos-ip neurons and the level of vesicular Zn significantly increased in layer V after skilled motor learning, whereas c-Fos upregulation was moderate and vesicular Zn was virtually absent in layer II/III. Again, total Zn maps by XFI failed to detect these changes.
A layer specific elevation of the vesicular Zn level in the motor cortex in response to skilled motor learning is the first report of its kind; however layer-specific c-Fos upregulation during the early stage of skilled motor learning was previously reported. Hanlon and colleagues [22] reported that learning associated upregulation of c-Fos stemmed from plasticity changes only in layer II/III of the motor cortex. The discrepancy in layer-specific upregulation of cFos in relation to skilled motor learning between the present study and that by Hanlon and colleagues [22] may be explained by differences in allocating anatomical boundaries for a "deeper" cortical layer (layer V). In the present study, c-Fos-ip neurons were counted only in layer V because of the accumulated knowledge about morphological changes in layer V pyramidal neurons after learning skilled reaching action [29, 50] . In contrast, Hanlon and colleagues [22] counted the c-Fos-ip neurons in both layers V and VI, which presumably underestimated plasticity-associated changes in layer V. Additionally, the discrepancy may be related to differences in training procedure.
The plasticity associated increase of c-Fos-ip neurons and vesicular Zn documented in the present study occurred in response to moderate and distributed practice in skilled reaching, whereas previous studies reported learning-associated neuroplastic changes in response to intensive training protocols in the skilled reaching task or prolonged sensory stimulation/deprivation, respectively. In the present study, the rats were subjected to 180 trials in total during nine days of training or 320 trials in total during sixteen days of training, corresponding to the early and late stages of motor learning, respectively. In previous studies, the rats were exposed to 89-150 trials in one day [22, 24, 36] or 700 trials in total during six days [36] . Since both training protocols promote brain plasticity, either procedure can be employed to improve post-stroke functional recovery. On the one hand, the findings of the present study on c-Fos upregulation during the early stage of motor learning provide further support for the use of a moderate and distributed practice in skilled reaching during the acute and sub-acute poststroke periods since this approach can prevent fatigue build-up due to intensive and massed practice [43] . On the other hand, if vesicular Zn elevates in the motor cortex only after 320 trials, in the late stage of motor learning, it raises the important question whether prolonged or intensive training would be superior to moderate practice in order to maintain the acquired skill more efficiently. The question is especially critical for future studies on post-stroke rehabilitation procedures in the chronic post-stroke period when stroke survivors tend to forget reacquired skills sooner than healthy counterparts [53] . Nevertheless, removing Zn from synaptic vesicles has been reported to keep intact working and reference memory and gross motor function [6] .
Conclusions
-A total Zn map generated by micro XFI does not detect cortical neuroplasticity associated with skilled motor learning in the rat. -The inverse dynamics of c-fos and vesicular Zn level as the motor skill advances through stages suggest that there might be a qualitatively different neural population, with fewer active but more efficiently connected neurons supporting a skilled action in the late compared to the early stage of motor learning.
